We study the creation of a fundamental string between D4-branes at angles in string theory. It is shown that R(−1) F part of the one-loop potential of open string changes its sign due to the change of fermionic zero-mode vacua when the branes cross each other. As a result the effective potential is independent of the angles when supersymmetry is partially unbroken, and leads to a consistent picture that a fundamental string is created in the process. We also discuss the s-rule in the configuration. The same result is obtained from the one-loop potential for the orthogonal D4-branes with non-zero field strength. The result is also confirmed from the tension obtained by deforming the Chern-Simons term on one D4-brane, which is induced by another tilted
there is a subtle issue which needs clarification.
To discuss the string creation, we use the one-loop potential due to the open strings between the branes at angles. Amplitudes for such system have been obtained in ref. [21] to determine the condition of unbroken supersymmetry, and we can simply read off the potential from that work. We also obtain the one-loop potential from open strings between the orthogonal branes with condensation which is similar to the case with angles.
When supersymmetry is partially unbroken, these potentials vanish. The problem is what happens when one brane adiabatically crosses another brane, keeping the partially unbroken supersymmetry. The authors of ref. [4] have interpreted this situation as the system of brane-anti-brane, and obtained the result which is consistent with the creation of a fundamental string, that is, the effective potential of the string tension times the distance between the branes, which is canceled by a string created between these branes. They discussed the case that D0-brane passes through D8-brane, in which the NS(−1)
F term vanishes because of the fermionic zero modes.
On the other hand, in the case with angles, NS(−1) F term gives generally non-zero contribution which depends on angles. As a consequence, it turns out that if we interpreted the system as that of brane-anti-brane when one brane adiabatically crossed another, the potential would be dependent on the angles. This is a very strange result if we try to understand it in terms of a string stretched between the two branes. We find that in our present situation only the R(−1) F term changes the sign after crossing because the vacua defined by fermionic zero mode change. The result is then independent of the angles and is given by the string tension times the distance between the branes, allowing the physical interpretation in terms of string creation. The potential is canceled by the contribution from the string created between the branes.
In the case of orthogonal two D-branes, it has been pointed out in ref. [3] that the force induced by NS and R terms which is one half of the string tension [23] cancels the tension induced by Chern-Simons term. We also calculate this tension from the Chern-Simons term in the case with angles. We find that the result is independent of the angles and is equal to one half of string tension, the same as that found in ref. [3] . This confirms our result that the effective potential is independent of the angles and only the R(−1) F term changes the sign after brane crossing.
Our results also indicate that the s-rule of Hanany and Witten is valid [1] . The rule translated into our present setting states that a configuration with more than one fundamental string joining the two D4-branes cannot be supersymmetric. As we will see, this rule can be understood as the uniqueness of the chiral fermionic zero-mode vacuum.
Let us start with the configuration of two D4-branes, one of which has tilted worldvolume to that of another D4-brane. The boundary conditions of the open string on one D4-brane (denoted as D4) are
at σ = 0, where σ is the world-sheet coordinate which spans [0, π]. The boundary conditions for fermions follow from the world-sheet supersymmetry
Those at σ = π on another D4-brane (denoted as D4 ′ ) are
where b is the distance between the two branes and {θ i π} are the angles parameterizing our two D4-brane configuration.
The one-loop amplitude of the open string which satisfies the above boundary conditions has been obtained in ref. [21] . Assuming that all the four angles are non-zero, 1 we find that the potential between these D4-branes is
The terms in the bracket are the contributions from R, NS, R(−1)
respectively. The author of ref. [21] has derived the condition that the amplitude vanishes, in the search for the criterion that supersymmetry is partially unbroken. It is given by
for which we have
Indeed, eq. (5) is the same as that derived in supergravity in ref. [22] , in which it has been shown that there is 1/16 unbroken supersymmetry if eq. (5) is satisfied. In what follows, we will mainly concentrate on the case (5).
Let us consider what happens when the above one brane passes through another adiabatically in the direction of x 9 from x 9 = |b| to x 9 = −|b|. We can regard this situation as the sum of two parts. One is that of one of the branes hooked by another brane, which is expected to be a fundamental string. 2 Another part is that from the two branes passing by without hooking. If the interaction between the two branes of the latter part in this situation is the string tension times the distance between the branes, the first part is expected to represent the created fundamental string to cancel this interaction between the two branes.
What is the difference between the state before crossing ("configuration 
By GSO projection, either + or − is projected out, so that only one space-time massless chiral fermion can exist when the two branes intersect. Configuration [A] is related to [B] by the parity transformation in the direction of x 9 . In order to preserve the supersymmetry F term. By using the condition of unbroken supersymmetry (6), we find and equals the string tension times the distance. On the other hand, since we move one brane across another from x 9 = |b| to x 9 = −|b| adiabatically, the fermionic zero-mode vacuum is changed after crossing from x 9 = 0 all the way down to x 9 = −|b| and we get contributions from that part which exactly cancel the above potential. This is what we have called "hooking" in the above. Physically this should be understood as due to a string created between the two branes when supersymmetry is unbroken. In this way, the BPS property of the system is preserved before and after the brane crossing.
It is crucial that only the R(−1) F term changes its sign; if we interpreted the final configuration as brane-anti-brane system, both NS(−1) F and R(−1) F terms (related by modular transformation to the RR sector in the closed string channel) would change the signs, resulting in a potential dependent on the angles. Such potential could not be canceled by string tension, and would allow no physical interpretation.
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The fact that there is only one space-time massless chiral fermion exists at the intersection is closely related to the s-rule [1, 12, 14] . Our results indicate that only a single string is stretched between two D4-branes after crossing. By a chain of dualities, the special orthogonal case can be transformed to the configuration in which a D3-brane is suspended between an NS 5-brane and a D5-brane considered in ref. [1] . Thus our results
give the generalization of this rule to more general angles.
It is easy to repeat the calculation when any one of the angles θ i is zero under the condition (5), and we find that the potential vanishes and no string is created.
We can derive the same result in the case of orthogonal D4-D4 ′ system with bound state [24] - [29] . The boundary conditions of the open string on one D4-brane are
at σ = 0, where τ is the world-sheet coordinate along with σ and F (k) is the condensation 3 In the absence of NS(−1) F term, these pictures make no difference, and both give the same consistent results for string creation [4] .
of the field strength. The boundary conditions at σ = π on another D4
′ -brane are
By repeating the calculation similar to the above, we obtain the potential
where
and ± corresponds to the difference in the definitions of GSO projection. The condition for 1/16 unbroken SUSY is the same as the case with angles:
With the help of eq. (6), the potential (11) is cast into
This also shows that a fundamental string is created.
As a further check of our results, let us calculate the induced tension from the ChernSimons term. We again deal with the system of two D4-branes at angles. Following ref. [3] in which the system of D0 and D8-branes is discussed, we consider the Chern-Simons term on the first D4:
is the R-R 3-form gauge field, and A ν is the U(1) gauge field on D4. The indices {ν k } are those of the coordinates of the world-volume of the first D4, x 0,1,...,4 . The second D4 ′ -brane is the source of F (4) = * F (6) in the integral (14) . Assuming that F (4) depends on only x 1 , . . . , x 4 and that A ν depends on only x 0 , the above term reduces to
where s is a parameter on the D4 and can be supposed to be a world-sheet coordinate, and then µ D4 (
is interpreted as the tension to be evaluated below.
On the other hand, the R-R charge µ D4 ′ of D4 ′ is
where S 4 is the 4-sphere surrounding D4 ′ . Hence F (4) can be taken as
where all ν ′ s are the indices of the directions which are orthogonal to the world-volume of D4 ′ , and r and Ω 4 are the radius of S 4 and the volume of a unit 4-sphere, respectively.
We denote the directions of the world-volume of D4
are those with indices outside these dimensions:
, F
.
To evaluate the contribution to F 1234 (4) at a point Q on D4 from a point P on the second D4 ′ , let us consider the 5-dimensional plane which intersects D4 ′ orthogonally at P, and also D4 at Q. The relation between the coordinates {x i } for D4 and {x
We see that the coordinates x 
where r is the distance between P and Q, and we have used eq. (17) and the fact that P is away from Q by b in the direction of x 9 . Let us take the origin on D4 at the nearest point from D4 ′ and denote the coordinates of Q as (y 1 , y 2 , y 3 , y 4 ). Then r =PQ is given
. Using this expression and eq. (20), we obtain
which is independent of the angles. Because
, that is, one half contribution of the interaction between a fundamental string and a D-brane. 4 This result is the same as the orthogonal case of [3] .
Let us compare this result with our previous discussions on the potential. Consider the configuration [A]. The above tension is the same as the force from the R(−1) F term in (4) up to sign even if (5) is not satisfied. This means that the anomaly term corresponds to the R(−1) F term in the potential (4). 5 Another half contribution is expected to appear so that the force is canceled because of unbroken supersymmetry [3, 23] . This term may come from the effective action when we integrate the fermion with the lightest mass in supergravity. In fact the authors of [8] The left hand side is the potential of configuration [A] which vanishes by supersymmetry.
The first term on the right hand side is the potential for [B] which we computed in eq. (8) and the second term is for the created string. The double of the force induced by the anomaly term corresponds to that of the created string, which gives the same picture as in ref. [3] .
String creation in type I ′ theory has also been discussed in refs. [4, 9, 12] . It should be straightforward to generalize our above discussions to similar configurations in such theory, and this will not be discussed in this paper.
In summary, we have derived the results which are consistent with the creation of a fundamental string in the crossing process of D4-branes at angles and its variant configuration by using the potentials of string and deformation of the anomaly term. It is consistent with the results of M(atrix) theory [8] . In the process, we have clarified how the configurations, and in particular, the fermionic zero-mode vacua change, giving a consistent picture of string creation. Our results also confirm the s-rule discussed for orthogonal case.
